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The proteins encoded by gene 7 of the severe acute respiratory syndrome coronavirus (SARS-CoV) have been 
demonstrated to have proapoptotic activity when expressed from cDNA but appear to be dispensable for virus 
replication. Recombinant SARS-CoVs bearing deletions in gene 7 were used to assess the contribution of gene 
7 to virus replication and apoptosis in several transformed cell lines, as well as to replication and pathogenesis 
in golden Syrian hamsters. Deletion of gene 7 had no effect on SARS-CoV replication in transformed cell lines, 
nor did it alter the induction of early apoptosis markers such as annexin V binding and activation of caspase 
3. However, viruses with gene 7 disruptions were not as efficient as wild-type virus in inducing DNA fragmen- 
tation, as judged by terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) 
staining, indicating that the gene 7 products do contribute to virus-induced apoptosis. Disruption of gene 7 did 
not affect virus replication or morbidity in golden Syrian hamsters, suggesting that the gene 7 products are not 
required for acute infection in vivo. The data indicate that open reading frames 7a and 7b contribute to but are 
not solely responsible for the apoptosis seen in SARS-CoV-infected cells. 


Severe acute respiratory syndrome coronavirus (SARS- 
CoV) was first identified as the causative agent of a severe 
respiratory illness that affected more than 8,000 people world- 
wide during 2003 and 2004 (4). The pathogenesis of SARS- 
CoV infection has been well documented, with viral antigen 
detected predominantly in the respiratory alveolar epithelium 
but also in the intestinal epithelium, spleen, lymph nodes, liver, 
heart, renal distal tubule epithelium, central nervous system, 
and skeletal muscle (reviewed in references 21 and 35). Patho- 
logical evidence for both apoptosis and necrosis has been doc- 
umented in various tissues obtained from SARS-CoV-infected 
humans (6, 14, 15, 26, 34). 

SARS-CoV contains a positive-sense, single-stranded RNA 
genome of approximately 30 kb and utilizes a set of 3’-cotermi- 
nal subgenomic RNAs (sgRNA) that are transcribed from the 
full-length single-stranded genome to facilitate viral protein 
expression (40, 55, 68). The genome contains open reading 
frames (ORFs) for eight accessory or group-specific proteins 
(ORF3a, -3b, -6, -7a, -7b, -8a, -8b, and -9b) with no clear 
homologues identified in other viruses of the Nidoviridae. Nu- 
merous studies have analyzed the in vitro expression of the 
SARS-CoV accessory proteins; however, the role that each 
accessory gene plays in virus infection is still unclear. Four of 
the accessory proteins, the ORF3a, ORF6, ORF7a, and 
ORF7b proteins, are thought to be packaged into viral parti- 
cles (24, 25, 27, 57, 59), suggesting potential roles in entry, 
uncoating, or assembly. 

Many SARS-CoV proteins induce apoptosis and/or necrosis 
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when expressed from cDNA (10, 29, 30, 33, 36, 38, 63, 73, 76, 
80, 84). The mechanisms for induction of cell death by the viral 
proteins are not clear, and it is unknown if these proapoptotic 
events play a significant role in induction of cell death during 
virus infection. In particular, the proteins encoded by SARS- 
CoV gene 7, the ORF7a and ORF7b proteins, not only induce 
apoptosis but inhibit cellular protein synthesis, activate the p38 
mitogen-activated protein kinase (MAPK) signaling pathway, 
activate NF-«B, block cell cycle progression, and interact with 
the cellular transcription factor small glutamine-rich tetratri- 
copeptide repeat-containing protein (SGT) as well as the an- 
tiapoptotic regulator Bcl-X,_ (17, 28, 31, 67, 81). The relevance 
of these functions in context of viral infection is presently 
unknown. 

Previous reports have demonstrated that recombinant SARS- 
CoV either containing a deletion of the gene 7 coding region or 
encoding green fluorescent protein (GFP) in place of the 
ORF7a and ORF7b proteins replicates with wild-type kinetics 
in transformed and primary cell cultures (60, 79) and in the 
lungs of BALB/c mice (79). These results suggest that ORF7a 
and ORF7b are dispensable for acute replication both in vitro 
and in vivo; however, a more detailed study of the deletion 
viruses is required to address potential roles for gene 7 pro- 
teins in the induction of cellular death and in altering other 
aspects of viral pathogenesis. 

In this study, we provide a detailed analysis of the in vitro 
and in vivo replication kinetics of recombinant SARS-CoV 
strains with the gene 7 region deleted completely or replaced 
with GFP. The viruses replicated to similar infectious virus 
titers and with similar kinetics in Vero, CaLu-3, and CaCo-2 
cells. The viruses induced similar levels of cell death; however, 
viruses carrying a disrupted gene 7 had significantly reduced 
numbers of terminal deoxynucleotidyltransferase-mediated 
dUTP-biotin nick end labeling (TUNEL)-positive, infected 
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cells but not activated caspase 3-or annexin V-positive cells, 
indicating a defect in the induction of DNA fragmentation. 
Virus replication in hamsters was not altered in the absence of 
gene 7. These results suggest that the gene 7 products specif- 
ically alter the virus-induced apoptotic pathway; however, 
acute virus replication is not altered by these changes. 


MATERIALS AND METHODS 


Cells. Vero (ATCC CRL-1586), CaLu-3 (ATCC HTB-55), and HEK-293T 
(64) cells were cultured in complete medium (Dulbecco’s modified Eagle me- 
dium containing 10% fetal bovine serum [Atlanta Biologicals], 1 mM glutamine 
[Gibco], 1 mM sodium pyruvate [Cellgro], 100U/ml penicillin [Gibco], and 100 
pg/ml streptomycin [Gibco]). CaCo-2 cells (ATCC HTB-37) were cultured in 
minimum essential medium (Eagle) with 2 mM L-glutamine and Earle’s balanced 
salts solution adjusted to contain 1.5 g/liter sodium bicarbonate, 0.1 mM nones- 
sential amino acids, 1.0 mM sodium pyruvate, and 20% fetal bovine serum. Cells 
were incubated in a 5% CO, humidified incubator at 37°C. 

For cell death and apoptosis experiments, cells transfected with influenza virus 
M2 cDNA were incubated in medium containing 5.0 ».M amantadine. Vero cells 
treated with brefeldin A (BFA) (Sigma) were incubated in complete medium 
containing 0.5 g/ml BFA for the designated time periods to induce apoptosis 
(58). 

Viruses. Recombinant SARS-CoVs were kindly provided by Ralph Baric, 
University of North Carolina. Briefly, nucleotides 27276 to 27643 (accession 
number A278741) were either deleted or replaced with the ORF for GFP, and 
recombinant viruses generated as previously described (60, 78, 79). 

Recombinant SARS-CoV stocks were generated by infecting Vero cells with 
recombinant SARS-CoV at a multiplicity of infection (MOI) of 0.1, followed by 
incubation at 37°C for 48 h (44, 57). Infectious virus titers were determined by 
plaque assay or 50% tissue culture infectious dose (TCIDs,)) as described pre- 
viously (57). Plaque diameters from 25 plaques visible in Vero cell monolayers 
stained with naphthol blue-black (Sigma) were measured using a micrometer 
(Scienceware). 

Vero, CaLu-3, or CaCo-2 cells in 12-well or 96-well tissue culture dishes were 
incubated in 250 wl or 100 yl of medium, respectively, containing SARS-CoV at 
various MOIs for 1 h at 25°C on a rocker table. Medium was aspirated, cells were 
washed three times with phosphate-buffered saline (PBS), and 1.0 ml or 100 pl 
fresh medium was added. Cells were incubated for the designated time periods 
at 37°C, and supernatant was harvested for determination of virus titer. The cells 
were either lysed in 1% sodium dodecyl sulfate (SDS), trypsinized and then fixed 
with 2% paraformaldehyde in PBS, or treated as described below. All infections 
were performed in a biosafety level 3 laboratory using institution-approved 
procedures. 

Influenza A/Udorn/72 virus infections were performed on Vero cells at an 
MOI of approximately 5.0 as described previously (41, 47). La Crosse virus 
(original strain) infections were also performed at an MOI of approximately 5.0 
in complete medium (46). 

Plasmids. Plasmids containing the coding sequences for SARS-CoV ORF7a, 
ORF7), or influenza A virus M2 have been described previously (41, 42, 57). 

Transient transfection of mammalian cells. The Lipofectamine 2000 transfec- 
tion reagent (Invitrogen) was used according to the manufacturer’s protocol for 
cells in suspension, using a reagent-to-DNA ratio of 3:1. Briefly, 1.0 pg of 
plasmid DNA was diluted into 50 wl of Opti- MEM medium (Gibco), and 3 yl of 
Lipofectamine 2000 reagent was added to another 50 wl of Opti- MEM. After 5 
min of incubation at room temperature, the two suspensions were combined, 
vortexed, and incubated at room temperature for 20 min. Approximately 4 x 10° 
293T or Vero cells were centrifuged, resuspended in 400 pl Opti- MEM, and 
subsequently added to the DNA-liposome suspension. Cells were incubated at 
room temperature for 15 min and transferred into six-well tissue culture dishes 
(Corning), and an additional 500 «1 Opti- MEM was added. Dishes were incu- 
bated at 37°C for 6 to 8 h. After incubation, transfection medium was aspirated 
and replaced with 2 ml complete medium, and cells were incubated at 37°C for 
the designated time periods. 

IFA and confocal microscopy. For indirect immunofluorescence analysis 
(IFA), cells were stained and mounted as previously described (44, 57). The 
primary antibodies used were rabbit anti-ORF7b polyclonal serum (1:1,000) 
(57), anti-ORF7a mouse monoclonal antibody (MAb) 2E11 (1:1,000 dilution) 
(44), anti-GM130 mouse MAb (1:100 dilution; BD Biosciences), rabbit anti- 
calnexin immunoglobulin G (IgG) (1:100 dilution; Chemicon), and rabbit anti- 
ERGICS3 IgG (1:100 dilution; Sigma). Mitochondrial staining was performed 
using MitoTracker Red CMXRos (Invitrogen) at 250 nM per the manufacturer’s 
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protocol. Cells were washed three times with PBS, incubated with secondary 
antibody (goat anti-mouse IgG AlexaFluor 488, goat anti-mouse IgG AlexaFluor 
555, goat anti-rabbit IgG AlexaFluor 488, or goat anti-rabbit IgG AlexaFluor 
555, Molecular Probes) as appropriate (1:500 dilution). Nuclei were counter- 
stained concurrently with TO-PRO-3 iodide (Invitrogen). Coverslips were 
mounted onto microscope slides using Prolong Antifade Gold (Molecular 
Probes) and visualized on a Zeiss LSM 510 META confocal microscope. 

FACS. Fluorescence-activated cell sorting (FACS) was performed as described 
previously (44, 57). Cells were incubated with the anti-ORF7a murine MAb 2E11 
(1:1,000 dilution) (44), anti-ORF7b rabbit serum (1:1,000 dilution) (57), anti- 
SARS S MAb cocktail (1:100 dilution; kindly provided by CDC), anti-SARS 
mouse hyperimmune serum (1:1,000 dilution; kindly provided by CDC), or 
anti-active caspase 3 rabbit MAb (1:1,000 dilution; R&D Systems) followed by 
goat anti-mouse IgG (1:500 dilution, AlexaFluor 488 or AlexaFluor 647 labeled; 
Molecular Probes) or goat anti-rabbit IgG (1:500 dilution, AlexaFluor 488 or 
AlexaFluor 647 labeled; Molecular Probes) secondary antibody. All antibody 
dilutions were made in blocking buffer. Wash buffer consisted of PBS with 0.1% 
saponin. The cells were analyzed with a FACSCalibur dual-laser flow cytometer 
(Becton Dickinson), and data were collected with CellQuest software. 

ATP assay. The transfected cell suspensions were mixed 1:1 with complete 
medium and plated into 96-well black-walled assay dishes (Corning). For the 
analysis of virus-infected cells, Vero, CaLu-3, or CaCo-2 cells were plated in 
96-well black-walled assay dishes infected at an MOI of approximately 5.0. At the 
indicated times posttransfection or postinfection, 100 yl CellTiter-GLO ATP 
assay reagent (Promega) was added to each well, and the plates were placed on 
a shaker table for 5 min. Plates were subsequently analyzed for luminescence on 
a Lumax luminometer (Molecular Technologies). Values at each time point were 
analyzed in sextuplet and graphed with standard deviations. The relative ATP 
concentration was calculated as a percentage of mean luminescence of pCcAGGS 
empty vector-transfected cells. 

TUNEL. For FACS analysis, transiently transfected or infected Vero cells were 
resuspended from 6- or 12-well tissue culture plates using trypsin-EDTA, washed 
three times with PBS, and fixed with 250 yl 1% methanol-free formaldehyde in 
PBS for 10 min at 25°C. After fixation, cells were washed twice with PBS. 
TUNEL staining was performed using either the fluorescein isothiocyanate 
(FITC)- or tetramethylrhodamine (TMR)-conjugated in situ cell death detection 
kit (Roche) per the manufacturer’s protocol. The cells were analyzed with a 
FACSCalibur dual-laser flow cytometer (Becton Dickinson), and data were col- 
lected with CellQuest software. In dual-labeling experiments, the cells were 
immunostained for viral antigen or caspase 3 prior to TUNEL staining. Exper- 
iments under all conditions were performed in triplicate, and values were 
graphed with standard deviations. 

For IFA, Vero cells were grown on glass coverslips in 12-well tissue culture 
plates. At approximately 100% confluence, cells were infected at an MOI of 5.0 
and incubated for 24, 48, and 72 h. Infected cells were washed three times with 
PBS, fixed with 2% paraformaldehyde in PBS for 10 min, and then processed for 
IFA as previously described (44, 57), followed by TUNEL staining performed as 
described above, with staining solution added directly atop the coverslips. Cov- 
erslips were mounted onto microscope slides using Prolong Antifade Gold (Mo- 
lecular Probes) and visualized on a Zeiss LSM 510 META confocal microscope. 
Three confocal images were acquired per coverslip using a 63 oil immersion 
lens and z slices of 2.0 jm. A total of nine images were taken per virus infection 
at each time point. More than 1,000 cells per condition were counted, and the 
percent TUNEL-positive cells was calculated. 

Annexin V. Transiently transfected or infected Vero cells were washed with 
PBS and the detached cells pelleted by centrifugation at 500 X g for 10 min. The 
adherent cells were detached with trypsin-EDTA and washed three times with 
PBS. The two cell populations were pooled and analyzed for apoptosis by an- 
nexin V staining of phosphatidylserine using the annexin V-FITC/propidium 
iodide kit (BD Biosciences) per the manufacturer’s protocol. Briefly, cells were 
resuspended in a solution of 100 pl 1X binding buffer plus 5 yl annexin V-FITC 
plus 5 yl propidium iodide solution. Cells were incubated at 25°C for 15 min, 400 
wl binding buffer was added to transiently transfected cells, and FACS analysis 
was performed immediately. Infected cells were pelleted by centrifugation, and 
resuspended in 1% methanol-free formaldehyde diluted in binding buffer, and 
incubated for 10 min at 25°C. Cells were then centrifuged, resuspended in 500 wl 
binding buffer, and analyzed by FACS. 

SDS-polyacrylamide gel electrophoresis and Western blotting. Infected cells 
were lysed in 1% SDS in water and mixed at a 1:1 ratio with 2x Laemmli 
SDS-polyacrylamide gel electrophoresis sample buffer. Samples were loaded 
onto 15% polyacrylamide gels (Mini Trans-Blot; Bio-Rad). Separated polypep- 
tides were transferred onto polyvinylidene difluoride membranes (Immobilon-Q; 
Millipore) and blocked in PBS containing 0.3% Tween 20 and 5% nonfat dry 
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FIG. 1. Expression of the SARS-CoV accessory proteins ORF7a and ORF7b in cDNA-transfected and virus-infected cells. Vero cells were 
transfected with plasmids containing either the ORF7a or ORF7b cDNA and assayed for protein expression at 24 h posttransfection. Vero cells 
were infected with rsARS-CoV WT at an MOI of 5.0 and analyzed at 24 h postinfection. Flow cytometry was used to determine the percentage 
of cells expressing ORF7a (A) or ORF7b (B) and the relative protein expression levels (mean channel fluorescence). Data points are the averages 


for triplicate samples, and standard errors are shown. 


milk (block buffer). Membranes were incubated with anti-B-actin mouse MAb 
(1:7,500 dilution; Abcam) and anti-active caspase 3 rabbit MAb (1:1,000 dilution; 
R&D Systems). Primary antibodies were detected using species-specific IgG 
secondary antibodies coupled to horseradish peroxidase (1:7,500 dilution; Jack- 
son Laboratories). The blots were soaked in chemiluminescent reagent (ECL 
Plus Pico; Amersham Biosciences) and imaged using chemiluminescence and 
exposure to X-ray film (Molecular Technologies). 

Infection of golden Syrian hamsters. Five- to 6-week-old golden Syrian ham- 
sters (Charles River Laboratories) were housed three per cage in a biosafety 
level 3 animal facility. Animals were inoculated with PBS (n = 6) or 10° TCIDs 9 
of either recombinant wild-type SARS-CoV (rSARS-CoV WT) (n = 24) or virus 
with GFP in place of the gene 7 coding region (rSARS-CoV GFPAORF7ab) 
(n = 24) in a total volume of 100 yl (50 wl into each naris). Six saline-treated, 12 
tSARS-CoV WT-infected, and 12 rsARS-CoV GFPAORF7ab-infected animals 
were weighed at various times postinfection. 

Three hamsters from each virus infection were sacrificed (56) on days 3, 5, 9, 
and 13 postinfection, and virus titers in homogenates of lung, kidney, liver, and 
spleen were determined. Tissues were weighed, complete medium was added to 
a achieve a 10% (wt/vol) suspension, and tissues were homogenized using tissue 
grinders (Fisher). After centrifugation at 3,400 rpm for 10 min, the supernatants 
were removed and analyzed by TCIDs, assay. All procedures were performed 
under protocols approved by the institutional biosafety and animal care com- 
mittees. 


RESULTS 


Expression of SARS-CoV ORF7a and ORF7b in Vero cells. 
SARS-CoV sgRNA 7 encodes overlapping ORFs for two ac- 
cessory proteins, ORF7a and ORF7b, and expression of both 
proteins has been confirmed experimentally in virus-infected 
cells (5, 9, 17, 18, 44, 57). Both the ORF7a and ORF7b pro- 
teins are single-pass integral membrane proteins, and both 
have been reported to be incorporated into viral particles (24, 
44, 57). The translation initiation codon for ORF7a resides 
immediately proximal to the 5’ transcription regulatory se- 
quence for sgRNA 7 and is predicted to be the predominant 
ORF translated from this sgRNA. The translation initiation 
codon for ORF7b resides 365 nucleotides from the transcrip- 
tion regulatory sequence and translation initiation occurs via 
ribosome leaky scanning, both of which serve to limit ORF7b 
translation (57). 

To determine the relative expression levels of ORF7a and 
ORF7b when expressed from cDNA or in virus-infected cells, 
Vero cells were infected with SARS-CoV at an MOI of 5.0 or 
transiently transfected with plasmids encoding either ORF7a 


or ORF7b. Cells were harvested and fixed 24 h later and 
protein expression quantified using flow cytometry. ORF7a 
was detected in 32.9% + 0.6% of the transfected cell popula- 
tion and in 42.5% + 2.0% of the infected cell population (Fig. 
1A). The relative protein expression levels in the two ORF7a- 
expressing cell populations were comparable (mean channel 
fluorescences of 159.1 + 9.9 and 167.4 + 19.5, respectively), 
indicating that transient transfection results in physiologically 
relevant levels of ORF7a protein expression. The ORF7b pro- 
tein was detected in 33.9% + 0.4% of transfected cells and 
23.5% + 5.6% of infected cells (Fig. 1B). Not surprisingly, the 
mean channel fluorescence was higher in cDNA-transfected 
cells (114.9 + 5.1 compared to 30.0 + 3.5), indicating that 
transient transfection of ORF7b results in significantly higher 
levels of protein expression than are normally observed in 
SARS-CoV- infected cells. 

The ORF7b protein localizes to the Golgi apparatus in 
cDNA-transfected and virus-infected cells (57), but the ORF7a 
protein has been localized to the Golgi complex (31, 44, 49), to 
the endoplasmic reticulum (ER) and ER-Golgi intermediate 
compartment (18), and to mitochondria (67). When expressed 
from cDNA, neither ORF7a nor ORF7b colocalized with 
MitoTracker dye, particularly compared to high degree of co- 
localization seen with GM130, a marker of the cis-Golgi (Fig. 
2). Some MitoTracker-positive organelles are adjacent to 
ORF7a- and ORF7b-positive membranes; however, it is clear 
that the vast majority of the signals do not overlap. A similar 
pattern was seen in SARS-CoV-infected cells (data not 
shown). Therefore, we conclude that the ORF7a and ORF7b 
proteins reside primarily if not exclusively in the Golgi complex 
when expressed from cDNA or in virus-infected cells. 

Cells expressing the ORF7a or ORF7b protein undergo 
apoptosis. It has been reported that ORF7a and ORF7b induce 
apoptosis when expressed from cDNA (31, 66, 67). To confirm 
and extend those observations, Vero cells were transfected 
with plasmids expressing the cDNAs for ORF7a, ORF7b, or 
the influenza A virus M2 protein and then screened for the 
induction of cell death by multiple assays. Transfection effi- 
ciency was determined by flow cytometry at 24 h posttransfec- 
tion (Fig. 3A). The ORF7a, ORF7b, and M2 proteins were 
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FIG. 2. The SARS-CoV ORF7a and ORF7b proteins localize to the Golgi apparatus. Vero cells grown on coverslips were transfected with 
plasmids expressing either ORF7a (A) or ORF7b (B) cDNA. At 18 h posttransfection, the cells were assessed by confocal microscopy for 
colocalization with either the cis-Golgi network (GM130) or mitochondria (MitoTracker), shown in red. Images were magnified to emphasize 
colocalization with GM130 and lack of colocalization with mitochondria. All images were obtained with a 63x oil immersion objective lens and 


represent a z stack projection of 0.5-~m optical slices. 


expressed in 34.1% + 0.5%, 27.13% + 0.4%, and 26.8% + 
0.3% of cells, respectively. Next we assessed the effects of 
protein expression on cell viability by determining the relative 
amounts of ATP present in cells (Fig. 3B). The relative lumi- 
nescence of ORF7a- and ORF7b-expressing cells was de- 
creased by 11.8% + 1.1% and 7.2% + 1.0%, respectively, 
compared to empty vector-transfected cells. Expression of the 
M2 protein had little effect on cell viability, indicating that the 
reduced cell viability was specific to cells expressing either 
ORF7a or ORF7b and not a result of the expression of any 
viral protein. BFA treatment resulted in nearly complete cell 
death. These results demonstrate that expression of either 
ORF7a or ORF7b alone results in decreased cell viability. 
To assess the contribution of apoptosis to the reduced via- 
bility of cells expressing ORF7a or ORF7b, we used three 
distinct assays that assess different aspects of apoptotic cell 
death. The presence of proteolytically activated caspase 3 is a 
hallmark of both the intrinsic and extrinsic apoptosis pathways 
(Fig. 3C). Active caspase 3 was detected in only 3.3% + 0.1% 
and 3.2% + 0.4% of empty vector- and M2 cDNA-transfected 
cells, respectively. However, significantly more ORF7a and 
ORF7b cDNA-transfected cells were active caspase 3 positive 


(16.9% + 0.6% and 18.3% + 0.8%, respectively). Treatment 
with BFA, a known inducer of apoptosis, resulted in 52.75% + 
1.5% active caspase 3-positive cells. Taken together, the data 
indicate that the expression of ORF7a or ORF7b leads to a 
modest but significant increase in activated caspase 3. 
Another phenotypic change observed in apoptotic cells is the 
internucleosomal cleavage of chromosomal DNA, which can 
be detected with the TUNEL assay (Fig. 3D). Fragmented 
DNA was detected in 2.7% + 0.5% and 3.3% + 0.2% of empty 
vector- and M2 cDNA-transfected cells, respectively. ORF7a 
and ORF7b expression led to increased numbers of TUNEL- 
positive cells (8.9% + 1.4% and 7.1% + 1.0%, respectively), 
while BFA-treated cells were 59.4% + 6.9% TUNEL positive. 
Again, the data support a modest but significant increase in 
apoptotic cells after the expression of ORF7a or ORF7b. 
Finally, the amount of phosphatidylserine in the outer leaflet 
of the plasma membrane was quantified using annexin V bind- 
ing and flow cytometry (Fig. 3E). Annexin V bound to 3.5% + 
0.4% and 5.9% + 2.1% of empty vector- and M2-transfected 
cells, respectively. ORF7a and ORF7b expression led to an 
increase in the number of cells binding annexin V (12.4% + 
1.4% and 10.5% + 1.3%, respectively). Again, BFA-treated 
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FIG. 3. Transient expression of ORF7a or ORF7b induces cell death by apoptosis in Vero cells. Vero cells were transfected with empty vector 
(pCAGGS) or plasmids encoding the SARS-CoV ORF7a, SARS-CoV ORF7b, or influenza A virus M2 cDNA and analyzed at 48 h posttrans- 
fection. Vero cells were incubated with 0.5 g/ml BFA for 48 h. (A) The percentage of cells expressing the indicated protein was determined by 
flow cytometry. Data points are the averages for triplicate samples, and standard errors are shown. (B to E) Transfected cells were utilized for 
subsequent experiments at 48 h posttransfection. (B) The relative ATP content of Vero cells at 48 h posttransfection was analyzed to determine 
overall cell viability. Samples were analyzed in sextuplet; means and standard errors are shown. (C) Vero cells were analyzed for the presence of 
active caspase 3 using flow cytometry. Data points are the averages for triplicate samples, and standard errors are shown. (D) Vero cells were 
analyzed for the presence of fragmented DNA by TUNEL assay followed by flow cytometry. Data points are the averages for triplicate samples, 
and standard errors are shown. (E) Vero cells were analyzed for the presence of phosphatidylserine on the outer leaflet of the plasma membrane 
by annexin V-FITC staining followed by flow cytometry. Data points are the averages for triplicate samples, and standard errors are shown. 


cells showed a significantly higher level of annexin V binding 
(73.3% + 1.0%). Taken together, these results demonstrate 
that expression of ORF7a or ORF7b in Vero cells leads to a 
moderate increase in apoptotic cell death that is not seen after 
expression of other viral proteins from the same expression 
plasmid. 

In vitro replication of SARS-CoV lacking gene 7. The data 
on the effects of SARS-CoV gene 7 proteins on host cell 
viability led us to investigate the contribution of these proteins 
to virus replication and cell killing. SARS-CoV WT or viruses 
with either GFP in place of the gene 7 coding region (rtSARS- 
CoV GFPAORF7ab) (Fig. 4A) or a deletion of the gene 7 
coding region (tSARS-CoV AORF7ab) were compared with 
respect to in vitro replication and induction of apoptosis. Cells 
infected with rsARS-CoV WT expressed high levels of the S, 
ORF7a, and ORF7b proteins (Fig. 4B). Compared to rsARS- 
CoV WT-infected cells, the rsARS-CoV GFPAORF7ab-in- 
fected cells had similar amounts of S protein but no detectable 
ORF7a or ORF7b. There was, however, a strong fluorescence 
signal consistent with the expression of GFP in the cells. 

Cytopathic effect induced by the viruses was analyzed by 
plaque assay. Vero cell monolayers infected with either virus 
were stained at 96 h postinfection with naphthol blue-black to 
visualize virus-induced plaques (Fig. 4C). Both viruses were 


able to form clear, distinct plaques in Vero cell monolayers, 
with nearly identical mean plaque diameters (4.61 + 0.09 mm 
and 4.62 + 0.07 mm for rsARS-CoV WT and rSARS-CoV 
GFPAORF7ab, respectively), indicating that the gene 7 prod- 
ucts did not alter plaque formation. Similar results were ob- 
tained with rsARS-CoV AORF7ab (data not shown). 

The replication of recombinant wild-type and gene 7-deleted 
SARS-CoV was analyzed in single- and multistep growth as- 
says on three different cell lines: Vero African green monkey 
kidney cells (Fig. 5A and B and 6A and B), CaLu-3 human 
lung adenocarcinoma cells (Fig. SC and D and 6C and D), or 
CaCo-2 human colorectal carcinoma cells (Fig. SE and F and 
6E and F). The cells were infected with rsARS-CoV WT and 
rtSARS-CoV GFPAORF7ab at low (0.01) or high (5.0) MOI, 
infectious virus titers in the supernatants were determined by 
TCID., assay at various times postinfection (Fig. 5), and an- 
tigen spread in the cell monolayer was assayed by flow cytom- 
etry (Fig. 6). Consistent with previous reports (60), the viruses 
displayed similar patterns of replication, virus titer, and kinet- 
ics of antigen spread within each cell type, suggesting that gene 
7 is not required for efficient virus replication in tissue culture. 
The growth kinetics for these viruses were similar to those 
observed with the SARS-CoV Urbani clinical isolate (data not 
shown). Identical results were obtained with rSARS-CoV 
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FIG. 4. Recombinant SARS-CoV containing GFP in place of ORF7a and ORF7b has normal plaque morphology. (A) Genomic organization 
of rsARS-CoV WT and rSARS-CoV GFPAORF7ab. Genes carried by the viruses are indicated; open boxes represent downstream ORFs 
identified or predicted in bicistronic genes. The rsARS-CoV GFPAORF7ab genome is identical to that of SARS-CoV WT except that gene 7 has 
been replaced with the GFP gene. (B) Vero cells were either mock infected or infected with rSARS-CoV WT or rsARS-CoV GFPAORF7ab at 
an MOI of 5. At 24 h postinfection, the cells were fixed and analyzed by flow cytometry for expression of ORF7a, ORF7b, S, or GFP. The 
percentage of cells in each quadrant is displayed. (C) Plaque assay with rsARS-CoV WT or rsARS-CoV GFPAORF7ab on Vero cells. Plaque size 
was measured using a micrometer. Data represent diameter measurements of 25 plaques for each virus. The solid horizontal line is the average 
diameter; 95% confidence statistical significance was determined by a two-tailed paired ¢ test. Representative images of infected tissue culture 


plates are shown. 


AORF7ab (Fig. 5G and H and 6G and H). Taken together, the 
data indicate that there is no detrimental effect of deleting or 
replacing the SARS-CoV gene 7 on virus replication in trans- 
formed cell lines. 

Induction of cell death by rSARS-CoV. The deletion of gene 
7 did not alter the plaque-forming ability or replication of 
rSARS-CoV in transformed cell lines. We utilized an ATP cell 
viability assay in order to directly measure the effects of gene 7 
deletion on SARS-CoV cell killing. Vero (Fig. 7A), CaLu-3 
(Fig. 7B), and CaCo-2 (Fig. 7C) cells were infected with 
rSARS-CoV WT or rSARS-CoV GFPAORF7ab at an MOI of 
approximately 5.0 and analyzed for total cell viability at various 
times postinfection. Both viruses induced cell death in Vero 
and CaLu-3 cells with similar kinetics and to similar extents as 
judged by relative ATP concentrations. Little or no cell death 
was observed in CaCo-2 cells with either virus, in agreement 
with previously described results (75). Infection of Vero cells 
with La Crosse virus and of CaLu-3 and CaCo-2 cells with 
influenza A virus (48, 65) resulted in rapid loss of cell viability. 
These findings indicated that infection of cells with rSARS- 
CoV GFPAORF7ab results in similar levels of cell death as 
infection with wild-type virus. 


Apoptosis induction by rSARS-CoV. Apoptosis can be di- 
vided into multiple stages (reviewed in reference 70). To ad- 
dress the induction of apoptosis by rsARS-CoV WT and gene 
7 deletion viruses, we initially analyzed the activation of 
caspase 3 by flow cytometry and Western blotting. Vero cells 
were infected with either rsARS-CoV WT or rSARS-CoV 
GFPAORF7ab at an MOI of approximately 5.0. At various 
times postinfection, cells were harvested and immunostained 
for active caspase 3 (Fig. 8A). Infection of Vero cells with both 
viruses resulted in activation of caspase 3 as early as 24 h 
postinfection, with the highest proportion of cells containing 
activated caspase 3 at 72 h. Lack of ORF7a and ORF7b had no 
deleterious effect on activation of caspase 3. Caspase 3 activa- 
tion was confirmed by Western blotting at 72 h postinfection 
(Fig. 8A, inset), with little or no difference in signal intensity 
seen between virus-infected cells. To ensure that GFP ex- 
pressed by the gene 7 replacement virus was not activating 
caspase 3 and masking a reduction in apoptosis activation, we 
analyzed caspase 3 activation by SARS-CoV AORF7ab, which 
does not express GFP (Fig. 8B). As observed with the GFP 
replacement virus, infection of Vero cells with rsARS-CoV 
AORF7ab resulted in no change in activated caspase 3 com- 
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FIG. 5. Gene 7 deletion viruses have no replication defect in one- or multiple-step growth curves compared to rSARS-CoV WT on multiple 
cell types. Vero-E6, CaLu-3, and CaCo-2 cells were infected with rsARS-CoV WT (A to H), rsARS-CoV GFPAORF7ab (A to F), or SARS-CoV 
AORF7ab (G and H) at an MOI of 0.01 (A, C, E, and G) or 5.0 (B, D, F, and H). Media were collected at the designated time points and infectious 
virus titers determined by TCID;9. Data points are the averages for triplicate samples, and standard errors are shown. 


pared to rsARS-CoV WT-infected cells. Double staining of Next, the presence of phosphatidylserine in the outer leaflet 
cells for SARS-CoV antigen demonstrated that the active of the plasma membrane, another marker for early stages of 
caspase 3 cell populations were predominantly positive for apoptosis, was quantified with FITC-labeled annexin V. Vero 
SARS-CoV antigen (data not shown), suggesting that the apop- cells infected with rsARS-CoV WT or rSARS-CoV AORF7ab 
tosis was induced by virus infection and not through a by- showed similar levels of annexin V binding at various times 


stander effect. postinfection (Fig. 8C), again demonstrating that SARS-CoV 
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FIG. 6. SARS-CoV gene 7 does not alter infection or virus spread in multiple cell types. Vero-E6, CaLu-3, and CaCo-2 cells were infected with 
rSARS-CoV WT (A to H), rsARS-CoV GFPAORF7ab (A to F), or rsARS-CoV AORF7ab (G and H) at an MOI of 0.01 (A, C, E, and G) or 
5.0 (B, D, F, and H). At the designated times, the cells were collected and analyzed for SARS-CoV antigen by flow cytometry. Cells were 
immunostained with a mouse anti-SARS-CoV hyperimmune serum, and the percentage of SARS-CoV antigen-positive cells was quantified. The 
spread of viruses bearing alterations in gene 7 was nearly indistinguishable from that SARS-CoV WT on all cell types tested. Data points are the 


averages for triplicate samples, and standard errors are shown. 


AORF7ab induces early stages of apoptosis to levels equivalent 
to those seen with wild-type virus. 

SARS-CoV lacking gene 7 is deficient in inducing DNA 
cleavage. To further address the programmed cell death cas- 
cade in virus-infected cells, Vero cells infected with either 


wild-type or gene 7 deletion viruses were analyzed for DNA 
fragmentation, a late event in apoptosis (11, 51), by TUNEL. 
Vero cells were infected with rSARS-CoV WT or rSARS-CoV 
AORF7ab at an MOI of approximately 5.0. Cells were har- 
vested at various times postinfection, labeled by TUNEL assay, 
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FIG. 7. The SARS-CoV gene 7 does not alter the cell-killing activity of the virus. (A) Vero, (B) CaLu-3, or (C) CaCo-2 cells were infected with 
rSARS-CoV WT, rSARS-CoV GFPAORF7ab, influenza A virus (FLUAV), or La Crosse (LACV) virus at an MOI of approximately 5.0 in 96-well 
plates. At the designated times postinfection, total cell viability was analyzed by ATP assay. 


and analyzed by flow cytometry (Fig. 9A). A significantly lower 
TUNEL-positive population was detected in cells infected with 
rSARS-CoV AORF7ab than in those infected with rsARS- 
CoV WT at 48 h (8.8% + 0.3% and 22.0% = 1.1, respectively) 
and 72 h (23.5% + 1.9% and 68.6% + 1.9%, respectively) 
postinfection. 

The dichotomy observed between TUNEL-positive and ac- 
tive caspase 3-positive cell populations in rSARS-CoV 
AORF7ab-infected cells suggests that the induction of apop- 
tosis by the gene 7 deletion viruses may differ from that ob- 
served in wild-type virus infection. To address the ratio of 
active caspase 3- to TUNEL-positive infected cell populations, 
flow cytometry was utilized to double stain infected cells for 
DNA fragmentation and activated caspase 3 (Fig. 9B). Cells 
were either mock treated or infected with rsARS-CoV WT or 
rSARS-CoV AORF7ab and harvested at various times postin- 
fection. The results again indicate that a significantly higher 
number of cells infected with wild-type virus undergo DNA 
fragmentation than cells infected with rsARS-CoV AORF7ab; 
however, both viruses induce similar levels of active caspase 3. 
Interestingly, rSARS-CoV WT-infected cells at 72 h postinfec- 
tion yielded nearly equal cell populations that were either 
double positive for active caspase 3 and TUNEL staining or 
were only singly positive for TUNEL staining. It is likely that 
the TUNEL single-positive cell population is in late stages of 
apoptosis and may no longer have detectable levels of active 
caspase 3. 

To confirm the lack of DNA fragmentation, we repeated the 
TUNEL analysis with both gene 7 deletion and GFP replace- 
ment viruses using confocal microscopy. Vero cells grown on 
glass coverslips were infected with rsARS-CoV WT, rSARS- 
CoV AORF7ab, or rsARS-CoV GFPAORF7ab and analyzed 
by immunofluorescence confocal microscopy at various times 
postinfection (Fig. 9C and D). Cells were stained for SARS- 
CoV antigen and TUNEL labeled, and nuclei were counter- 
stained with TO-PRO-3 to highlight the nuclear architecture. 
Quantification of adherent TUNEL-positive cells confirms that 
both viruses lacking gene 7 had significantly fewer TUNEL- 
positive cells than cells infected with wild-type virus (Fig. 9C). 
The few TUNEL-positive cells in the gene 7 deletion virus- 
infected cells displayed the nuclear morphological changes and 


pyknosis associated with apoptosis observed in cells infected 
with wild-type virus (Fig. 9D). Taken together, these results 
indicate that recombinant SARS-CoV with gene 7 deletions 
replicates and induces early stages of apoptosis at levels com- 
parable to those for wild-type virus in tissue culture. However, 
the induction of late stages of apoptosis, specifically DNA 
fragmentation, is significantly reduced. 

Recombinant SARS-CoV lacking gene 7 replicates to wild- 
type levels in lungs of golden Syrian hamsters. Golden Syrian 
hamsters are among the best small animal models for analyzing 
SARS-CoV replication in vivo (53). Hamsters were inoculated 
with either 100 yl PBS or 10° TCID., of either rSsARS-CoV 
WT or rSARS-CoV GFPAORF7ab. Hamsters infected with 
either virus had slower weight gain than the control animals, 
indicating that the virus infection was inducing some morbidity 
(Fig. 10A). However, deletion of gene 7 did not drastically 
alter virus-induced morbidity (Fig. 10A). At the indicated days 
postinfection, lung, kidney, spleen, and liver tissues were har- 
vested and analyzed for virus titer by TCID., assay. Virus was 
detectable at similar titers in the lungs of hamsters infected 
with either virus on days 2 and 5 postinfection (Fig. 10B) and 
was cleared from the lungs after day 5. Virus was not detect- 
able by TCID., assay in any other tissues at any time point 
analyzed (data not shown). These data demonstrate that gene 
7 products are not required for acute viral replication or over- 
all morbidity in hamsters. 


DISCUSSION 


Various coronavirus accessory genes have been implicated 
as having important roles in virus replication and pathogenesis 
in vivo (13, 45); however, none of the SARS-CoV accessory 
genes are required for replication in tissue culture or in 
BALB/c mice (79). Few nucleotide polymorphisms exist within 
the ORF7a and ORF7b coding regions in the approximately 
130 sequenced SARS-CoV isolates, suggesting the presence of 
a selective pressure to maintain gene 7. Both ORF7a and 
ORF7b coding regions are also highly conserved in all eight 
sequenced bat coronavirus isolates. Serial passage of SARS- 
CoV in Vero cells resulted in a 29-nucleotide deletion within 
ORF7b (68), suggesting that the protein is dispensable in vitro 
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FIG. 8. The SARS-CoV gene 7 does not alter the induction of 
early- and middle-stage apoptosis. (A) Vero cells were mock infected 
or infected at an MOI of 5.0 with rsARS-CoV WT or rSARS-CoV 
GFPAORF7ab, and cells were analyzed for active caspase 3 by flow 
cytometry. Caspase 3 activation was also analyzed by Western blotting 
(inset) at 72 h, with both viruses inducing similar levels of active 
caspase 3. Mock-infected cells contained little or no detectable active 
caspase 3 at all time points. Data points are the averages for triplicate 
samples, and standard errors are shown. (B) Vero cells were infected 
with rSARS-CoV WT or rSARS-CoV AORF7ab and analyzed for 
caspase 3 activation by flow cytometry. Data points are the averages for 
triplicate samples, and standard errors are shown. (C) Vero cells were 
infected with rsARS-CoV WT or rSARS-CoV AORF7ab and ana- 
lyzed for apoptosis using annexin V-FITC staining and flow cytometry. 
Infection of both viruses resulted in nearly identical annexin V staining 
cell populations at 24, 48, and 72 h postinfection. Data points are the 
averages for triplicate samples, and standard errors are shown. 


and can be rapidly mutated in the absence of selective pres- 
sures. 

Both ORF7a and ORF7b are Golgi-localized integral mem- 
brane proteins (31, 44, 57). The ORF7a protein has a 15- 
residue N-terminal signal sequence and is predicted to have an 
81-residue luminal domain, a 21-residue transmembrane seg- 
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ment, and a 5-amino-acid cytoplasmic tail. Nelson et al. (44), 
and our unpublished data, demonstrate that the short cytoplas- 
mic tail (KRKTE) serves not as an ER retrieval motif, as 
suggested by Fielding et al. (18), but as a dibasic ER export 
signal (RK]x[RK) similar to motifs responsible for ER export 
of Golgi-resident glycosyltransferases (19). Mutation of either 
the lysine at position 118 or the lysine at position 120 results in 
a loss of Golgi localization and a subsequent increase in colo- 
calization with the ER marker calnexin, suggesting that the 
residues are critical for the ER exit of the ORF7a protein. It 
has been suggested that ORF7a can associate with mitochon- 
dria, the ER, and the ER-Golgi intermediate compartment 
after expression from cDNA (18, 67); however, we find no 
evidence for ORF7a colocalization with the MitoTracker dye 
and find that the majority of the protein colocalizes with Golgi 
markers (Fig. 2). 

The ORF7a protein has been suggested to interact with the 
small glutamine-rich tetraicopeptide repeat-containing protein 
hSGT (17). hSGT has numerous proposed functions, including 
cochaperone activity (1), potential roles in cell division (72), 
and potential roles in apoptosis induction (71), and has been 
shown to interact with the parvovirus NS1 protein in the nuclei 
of infected cells for regulation of viral gene expression (12). 
The interactions between ORF7a and hSGT were mapped to 
the signal peptide and ectodomain (residues 1 to 96). Our 
results (44) suggest that the signal peptide is efficiently cleaved 
upon translocation of ORF7a into the ER and that the ectodo- 
main of ORF7a resides within the ER/Golgi lumen. Since 
hSGT is a cytosolic protein (77), it is not clear if or how the 
membrane topology barrier can be overcome in order to facil- 
itate an interaction between these proteins. 

Initiation of the apoptotic cascade may result from a change 
in the balance of pro- and antiapoptotic host cell proteins 
(reviewed in reference 22). One such antiapoptotic protein, 
Bcl-X,, has been shown to interact directly with the ORF7a 
protein (67). While we find no data to suggest that ORF7a or 
ORF’7b localizes to mitochondria, it is possible that the ORF7a 
protein may interact with Bcl-X, in the ER, prior to ORF7a 
trafficking to the Golgi apparatus. The interaction may lead to 
sequestering of Bcl-X,; in the Golgi apparatus, tipping the 
balance within the cell to a proapoptotic state and resulting in 
inhibition of protein synthesis and p38 MAPK activation. Fur- 
ther studies monitoring subcellular localization of Bcl-X, in 
ORF7a-transfected and SARS-CoV-infected cells may provide 
valuable insight into any relevant interaction that ORF7a may 
have with Bcl-X, during virus infection. 

Programmed cell death is an evolutionarily conserved mech- 
anism for removing extraneous, damaged, or infected cells in a 
systematic and regulated fashion without inducing inflamma- 
tion. Several cellular organelles are capable of sensing pro- 
apoptotic signals, including the ER, lysosomes, and mitochon- 
dria (16). Although ER stress can induce apoptosis, the ER 
stress-induced MAPK JNK is not activated after ORF7a ex- 
pression; however, p38 MAPK is activated by ORF7a expres- 
sion, suggesting that the inhibition of protein synthesis and 
induction of apoptosis are not due to misfolded protein accu- 
mulation in the ER (31). The Golgi complex has recently been 
implicated in stress signaling and may play a much larger role 
in induction of apoptosis than previously thought (22, 39). 
Stress signaling and apoptotic cascades may be initiated 
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FIG. 9. Infection of Vero cells with SARS-CoV lacking gene 7 results in a significant decrease in TUNEL-positive cell populations compared 
to infection with wild-type virus. (A) Vero cells were mock infected or infected at an MOI of 5.0 with SARS-CoV WT or rSARS-CoV AORF7ab, 
and cells were analyzed for late stages of apoptosis by TUNEL-FITC staining. Cells were harvested at the designated times postinfection, fixed, 
stained with a TUNEL-FITC labeling reaction, and analyzed by flow cytometry. All data points were determined in triplicate and graphed as mean 
plus standard error. The assay was repeated three times to confirm results; the data shown are from one representative experiment. (B) Vero cells 
were mock infected or infected at an MOI of 5.0 with SARS-CoV WT or rsSARS-CoV AORF7ab, and cells were analyzed for both TUNEL-FITC 
staining and active caspase 3 by flow cytometry. Cells were harvested at the designated times postinfection, fixed, stained with anti-active caspase 
3 antibody followed by a TUNEL-FITC labeling reaction, and analyzed by flow cytometry. By 48 h, significantly fewer TUNEL-positive cells 
(vertical axis, left and right top quadrants) were observed in cells infected with rsARS-CoV AORF7ab compared to wild-type virus. Similar 
numbers of cells containing active caspase 3 (horizontal axis, upper and lower right quadrants), however, were detectable in cells infected with 
either virus. All samples were analyzed in triplicate. The data shown are from one representative sample. The percentage of cells in each quadrant 
is displayed. (C and D) TUNEL analysis by confocal microscopy. Vero cells grown on coverslips were either mock infected or infected with 
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FIG. 10. Infection of golden Syrian hamsters with recombinant wild-type and gene 7 deletion viruses. Golden Syrian hamsters were inoculated 
intranasally with either saline or 10° TCIDs, of either SARS-CoV WT or rSARS-CoV GFPAORF7ab. (A) Individual animals were weighed, and 
data were normalized to animal weight on day 0. The data represent average normalized weight plus standard error. (B) Lung tissues were 
harvested at the indicated days postinfection, and virus load was determined by TCID«, assay. Data represent the average titer plus standard error 


for six (rfSARS-CoV WT) and three (SARS-CoV GFPAORF7ab) animals per time point. 


through a complement of Golgi-localized sensory proteins. 
Given the high colocalization of both ORF7a and ORF7b to 
the Golgi complex, it is possible that the accessory proteins 
contribute to the apoptotic cascade via Golgi-dependent mech- 
anisms. The absence of ORF7a and ORF7b in virus-infected 
cells may result in skewing of proapoptotic signals from differ- 
ent subcellular organelles, resulting in a different apoptotic 
phenotype than in cells infected with wild-type virus. The de- 
crease in TUNEL-positive cells observed with gene 7 deletion 
viruses may be due to decreased activation of one or both of 
the major endonucleases responsible for DNA degradation in 
apoptotic cells: the cytoplasmic endonuclease CAD/DFF40 or 
the mitochondrial activated endonuclease G (reviewed in ref- 
erence 70). It has been demonstrated that cells can undergo 
apoptosis with caspase activation in the absence of DNA frag- 
mentation (11, 61, 82, 83), suggesting that the two activities are 
not mutually inclusive and may be activated via separate bio- 
chemical stimuli. 

Necrosis has been observed in tissues from SARS-CoV- 
infected patients, and cDNA expression of the ORF3b protein 
in Vero cells has been shown to induce necrosis (29). Although 
DNA fragmentation can occur in necrotic cells, it is random 
and appears as a “smear” in agarose gels compared to the 
ordered nucleosomal laddering observed in apoptotic cells 
(83). The DNA fragmentation observed in necrotic cells can 
sometimes be detected by TUNEL staining. It is possible that 
infection with wild-type virus, encoding both gene 7 accessory 
proteins, yields a population of necrotic cells detectable by 
TUNEL staining that is not observed upon infection with gene 
7 deletion viruses. At 48 and 72 h postinfection, a TUNEL- 
positive and caspase 3-negative population exists (Fig. 9B) in 


cells infected with wild-type virus that is not present in cells 
infected with gene 7 deletion viruses. These cells may repre- 
sent a population in late stages of apoptosis or, conversely, may 
represent a population of necrotic cells. While neither ORF7a 
nor ORF7b has been reported to induce necrosis upon cDNA 
transfection to date, it will be important to readdress this topic 
in light of our data. 

Death of infected cells can be induced either directly by 
specific viral proteins or indirectly as a consequence of the 
functional effects of the viral protein on the cell. It has been 
proposed that some viruses take advantage of apoptotic re- 
sponses to facilitate invasion and/or enhance pathogenesis (8). 
Examples of proapoptotic viral proteins include adenovirus 
E1A and E4orf4 (2); human immunodeficiency virus type 1 
Tat, Nef, Vpr, and gp120 (54); the chicken anemia virus pro- 
tein apoptin (50); dengue virus M protein (3); and the influ- 
enza A virus protein PB1-F2 (7). Clear roles for the proapop- 
totic functions of these proteins are not well defined; however, 
it is likely that the cell death function of each aids in promoting 
viral spread, replication, or immune evasion in vivo (8, 32, 74). 

Deletion of gene 7 does not alter SARS-CoV infection and 
replication in the lungs of BALB/c mice (79). It is possible that 
ORF7a and ORF7b may be dispensable for replication in the 
current SARS-CoV animal models. ORF7a and ORF7b may 
play functional roles in human infection, as the time frame for 
infection is significantly prolonged and disease is much more 
pronounced compared to those in the available small animal 
models or in virus transmission (62). The gene 7 coding region 
is also highly conserved in bat SARS-CoV isolates, suggesting 
a potential role for the gene products in bat infection (37). 
Analyzing infection with gene 7 deletion viruses in animal 


rSARS-CoV WT, rSARS-CoV GFPAORF7ab, or rsSARS-CoV AORF7ab at an MOI of 5.0. The cells were fixed at 24, 48, and 72 h postinfection 
and immunostained with a pool of mouse anti-SARS-CoV MAbs (green). Nuclei were counterstained with TO-PRO-3 nuclear stain (blue). Cells 
were subsequently TUNEL labeled using a TUNEL-TMR labeling kit (red) and analyzed by confocal microscopy. (C) More than 1,000 total cells 
were counted from three coverslips from each virus infection at each time point, and the percentage of TUNEL-positive cells was calculated and 
graphed as mean plus standard error. Quantified TUNEL data demonstrated a significant reduction in adherent TUNEL-positive cells at all time 
points in both gene 7 deletion viruses compared to wild-type virus. (D) Representative images from cells at 48 h postinfection. Significantly more 
SARS-CoV antigen-positive cells were TUNEL positive in rsARS-CoV WT-infected cells than in cells infected with either gene 7 deletion virus. 
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models that display more pronounced disease, such as Statl- 
deficient mice (23), human transgenic ACE2 mice (43, 69), or 
aged mice (52), may also provide valuable information on 
potential roles for ORF7a and/or ORF7b in SARS-CoV-in- 
duced disease. 

Further animal studies will be needed to evaluate the func- 
tion of the ORF7a and ORF7b proteins in modulation of the 
immune response and overall role in the pathogenesis of 
SARS-CoV infection, since the induction of apoptosis can 
have profound effects on the immune system and the immune 
response to a viral pathogen. Macrophages are key players in 
the clearance of apoptotic cells and respond differently to cells 
undergoing various forms of cell death (20, 32). The apoptotic 
alterations observed in gene 7 deletion SARS-CoV-infected 
cells in vitro may translate to altered recognition of apoptotic 
cells in SARS-CoV-infected animals and subsequently may 
result in altered immune responses to the virus. Clearly, addi- 
tional extensive studies of virus pathogenesis and immune re- 
sponse are needed to adequately address this aspect of virus 
infection. 
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